The purpose of this study was to elucidate the effects of dietary sodium restriction on diurnal blood pressure (BP) variation in primary aldosteronism. We studied the diurnal variation in the systemic hemodynamic indices and in baroreflex sensitivity (BRS). In 13 subjects with aldosterone-producing adenomas (2 males; mean age, 39 2 years), intra-arterial pressure was monitored telemetrically on a normal salt diet (NaCl 10 -12 g/day). Non-dippers were defined as those with a nocturnal reduction in systolic BP (SBP) of less than 10% of daytime SBP. Ten subjects showed a non-dipper pattern. Six of these "non-dippers" underwent repetitive hemodynamic studies on the last day of a 1-week low salt diet regimen (NaCl 2-4 g/day). Stroke volume was determined using Wesseling's pulse contour method, calibrated with indocyanine green dilu- 
Introduction
The daily blood pressure (BP) profile in healthy subjects is characterized by a nocturnal reduction in BP. Blunted nocturnal BP reduction has been reported in patients with secondary hypertension, such as in those with pheochromocytoma (1), Cushing's syndrome (2) and chronic renal failure (3) . There are conflicting reports, however, concerning patients with primary aldosteronism (4) (5) (6) (7) (8) . Some reports have indicated that the circadian profile of BP was disturbed in or high salt diet. Sodium restriction is known to modify the diurnal variation of BP from a non-dipper to a dipper pattern in sodium-sensitive essential hypertension (10) , whereas hyperaldosteronism is a typical subset of sodium sensitive hypertension (11) .
There have been few reports regarding the effects of sodium restriction on diurnal variation of systemic hemodynamic indices in patients with primary aldosteronism, and only one previous report on the effects of sodium intake on the circadian rhythm of BP (12) . The present study was therefore designed to elucidate the effects of dietary sodium restriction on the diurnal variation of systemic hemodynamic indices and baroreflex sensitivity (BRS) in subjects with aldosterone-producing adenomas.
Subjects and Methods

Subjects
We evaluated 13 subjects, 2 males and 11 females, with aldosterone-producing adrenal adenomas and a mean age of 39 (range 27-50). The diagnosis was based on the demonstration of elevated plasma aldosterone concentration (PAC), suppressed plasma renin activity (PRA), and the finding of unilateral adrenal adenoma using computed tomography, magnetic resonance imaging or adrenal venous sampling. All subjects underwent unilateral adrenalectomy, and the diagnosis of adenoma was confirmed histologically. Informed consent was obtained from each subject prior to the study. This study protocol was in accordance with the guidelines approved by the Ethics Committee at our institution.
Study Protocol and Blood Pressure Measurements
All subjects were hospitalized and placed on a 1-week regimen of a normal salt diet (NaCl 10-12 g/day). On the last day of this period, after subjects were weighed, they underwent 24-h ambulatory intra-arterial pressure monitoring telemetrically. No antihypertensive agents were administered for a minimum of 2 weeks prior to the study. Following local anesthesia with 1% lidocaine solution, a polyethylene catheter was introduced into the brachial artery of the nondominant arm using Seldinger's technique. The catheter was connected to a miniature transducer device (Baxter, Tokyo, Japan), which was strapped to the upper arm at heart level. The transducer signal was recorded continuously on magnetic tape by a data recorder (SONY Corp., Tokyo, Japan). The details have been described previously (13) . Subjects were free to move about within the hospital, but the times of waking, meals and sleep were regulated. On the same day, a venous blood sample was taken for determination of PRA and PAC after lying down for 30 min. Ten subjects exhibited a non-dipper pattern, with a nighttime systolic BP (SBP) decrease of less than 10% of daytime SBP. Six of these "nondippers" (1 male, 5 females; mean age 41 2 years) underwent further hemodynamic studies on the last day of a 7-day regimen of a low salt diet (NaCl 2-4 g/day). Nine out of thirteen subjects (2 males, 7 females; mean age 38 2 years), including six "non-dippers," underwent follow-up hemodynamic studies under condition of a normal salt diet and no antihypertensive agents for a period of 2 months postadrenalectomy.
Data Analysis
SBP, diastolic BP (DBP) and heart rate (HR) were averaged every 30 min in each subject. Mean blood pressure (MBP) was calculated as DBP plus one third of the pulse pressure. Stroke volume was determined using Wesseling's pulse contour method (14) , calibrated with indocyanine green dilution. Cardiac index (CI) was calculated as cardiac output divided by body surface area. Total peripheral resistance index (TPRI) was calculated by the equation TPRI (dyne·s·cm 5 ·m 2 ) MBP/CI 80. The mean values of the various hemodynamic parameters were calculated every 30 min, as previously described (13) .
Bertinieri et al. (15) developed the method of continuous analysis of baroreflex sensitivity (BRS) from spontaneous variation in SBP and pulse interval. We modified this method for the evaluation of arterial baroreflex, i.e., BRS was calculated every 30 min as ∆pulse interval/∆SBP, as previously described (13) .
Definition of Non-Dippers
The diurnal variations of the hemodynamic variables were quantified as the difference between the mean daytime (6:00 to 21:59) and nighttime (22:00 to 5:59) values. Non-dippers were defined as those with a nocturnal decrease in SBP of less than 10% of daytime SBP (16) .
Statistical Analysis
Results are expressed as the mean SEM. All statistical analyses were performed using the StatView software for Macintosh (ver 5.0; SAS Institute Inc., Cary, USA). The relationships between the nocturnal decline in SBP and other parameters were assessed using Pearson's correlation coefficients. The significance of differences in parameters between the daytime and nighttime averages, a normal salt diet and a low salt diet, and before and after adrenalectomy were subjected to the Wilcoxon signed rank test. Values of p 0.05 were considered to indicate a statistically significant difference. Table 1 shows the characteristics of 13 patients with primary aldosteronism on a normal salt diet. The mean nocturnal decrease in SBP (%∆SBP) was 4.1% on a normal salt diet, and ten subjects (77%) exhibited a non-dipper pattern. There were no significant correlations between nocturnal decline in SBP and either age, duration of hypertension, degree of funduscopic findings, PRA, PAC or serum potassium levels (data not shown).
Results
Six "non-dipper" subjects were monitored before and after sodium restriction (Cases 2, 5-9). With sodium restriction, urinary sodium excretion decreased from 187 8 to 46 8 mmol/day, and body weight decreased from 57.9 2.1 to 56.6 1.9 kg, whereas urinary potassium excretion was not significantly altered ( Table 2) .
The diurnal profiles of hemodynamic parameters before and after sodium restriction are shown in the Fig. 1 and Table 2 . Daytime BP was not significantly altered by dietary modification (157 7/90 4 mmHg on a normal salt diet and 151 5/86 3 mmHg on a low salt diet), but nighttime BP significantly decreased from 154 7/88 4 to 140 6/78 4 mmHg with sodium restriction. Nighttime HR was significantly decreased with both diets, and the nocturnal decrease in HR did not alter with sodium restriction. CI and stroke index (SI) decreased by sodium restriction throughout the day, but sodium restriction did not alter the nocturnal decrease in either CI or SI. No differences were seen between the diets in daytime or nighttime TPRI, or in the nocturnal change in TPRI. Although BRS was significantly increased at nighttime in both groups, neither daytime BRS nor nighttime BRS was significantly different with either diet.
Adrenalectomy significantly lowered both daytime BP and nighttime BP on the normal salt diet (161 7/94 5 to 128 5/76 4 mmHg at daytime and 155 6/90 4 to 117 4/68 3 mmHg at nighttime) in 9 subjects with aldosterone-producing adenomas. After adrenalectomy, 3 out of 9 subjects with aldosterone-producing adenomas showed a dipper pattern, whereas there were no significant correlations between nocturnal decline in SBP and age, duration of hypertension, or degree of funduscopic findings (data not shown). Nocturnal BP reduction was significantly increased, from 3.5% to 8.7%, following adrenalectomy.
Discussion
The results of this study indicate that the non-dipper pattern is common in patients with primary aldosteronism on a normal salt intake. We demonstrated that dietary sodium restriction restored the nocturnal reduction in BP, in addition to lowering body weight and CI, while HR, TPRI and BRS were unchanged by sodium restriction. Adrenalectomy also restored the nocturnal reduction in BP, even on a normal salt diet.
In previous studies (4) (5) (6) (7) (8) , disruption of the daily BP profile in primary aldosteronism has been a controversial issue. Dietary sodium intake has varied among these studies (5-7), although hyperaldosteronism is classified as a sodium sensitive hypertension (11), whereas nocturnal BP reduction is generally blunted on a high-salt diet (10) . Some studies have also included patients on antihypertensive medications (4, 6) or patients with adrenal hyperplasia (7, 8) . These factors appear to influence the diurnal BP variation. For this reason, we here studied the effects of sodium restriction on diurnal BP variation under controlled conditions in a hospital, in patients who had received no medication for 2 weeks. The present results appear to be consistent with those of previous studies on patients with aldosterone-producing adenoma under condition of constant sodium intake and no antihypertensive medication. Kimura et al. (9) have reported that patients with aldosterone-producing adenoma on a low sodium diet showed a dipping-type BP response that resembled that of patients with essential hypertension. They speculated that a circadian rhythm of serum aldosterone levels indicative of adrenocorticotrophic hormone dependency might be involved in the dipping rhythm of BP, since patients with aldosterone-producing adenoma demonstrated a normal circadian rhythm of serum aldosterone (17) . However, they did (12) reported that the circadian rhythm of BP was disturbed in patients with aldosterone-producing adenoma on a high sodium diet, and adrenalectomy and sodium restriction restored the nocturnal dip in BP as measured using an automatic oscillometric device. In this study, we analyzed the effects of sodium restriction on the diurnal variations of intra-arterial pressure, the systemic hemodynamic indices, and the baroreflex sensitivity in subjects with aldosteroneproducing adenoma. Recent reports have demonstrated that changes in dietary sodium intake modify the diurnal variation of BP in rats (18) and humans (10) . According to Uzu et al. (10) , sodium restriction modifies the diurnal BP variation from a non-dipper to a dipper pattern in sodium-sensitive essential hypertension. The authors showed that the circadian rhythm of natriuresis is disturbed in non-dippers, and sodium restriction normalizes the enhanced nocturnal natriuresis and restored nocturnal fall in BP (19) . In our study, sodium restriction did not affect the diurnal variation of CI, although it decreased throughout the day. In subjects on sodium restriction, the nocturnal decrease of CI tended to increase, and the nocturnal increase of TPRI tended to decrease. The results of hemodynamic study were likely due to smaller number of the subjects whereas the nocturnal changes in those parameters were altered toward lowering nocturnal BP on sodium restriction, but the nocturnal changes in those parameters were not significantly altered. The decreased blood volume itself, suggested by the decreased body weight, might restore circadian BP variation. However, the mechanisms of salt-induced nocturnal hypertension are not well understood. Recently, an endogenous ouabain-like substance (EOLS) has been implicated in the pathogenesis of hypertension (20) . In aldosterone-producing adenomas, circulating levels of EOLS are elevated, and decrease following removal of the tumor (21) . EOLS, which is released in response to volume expansion, inhibits Na -K -ATPase activity in blood vessels (22) . The plasma Na -K -ATPase inhibiting activity has a diurnal rhythm, being high in the evening, and correlates positively with urinary sodium excretion in healthy subjects (23) . These studies suggest that EOLS might be associated with diurnal BP variation through the diurnal rhythm of urinary sodium excretion.
Okuguchi et al. (24) reported that BP failed to fall during the night in patients with salt-sensitive type essential hypertension who were receiving high salt diets because the nocturnal suppression of noradrenaline may have been insufficient under a high salt diet. We have reported that the blunted nocturnal BP reduction may result from volume expansion and/or malsuppressed sympathetic activity in non-dippers with essential hypertension (13) , although it is unclear whether the same mechanisms apply in other forms of hypertension. Miyajima et al. (25) reported that muscle sympathetic nerve activity was decreased in subjects with primary aldosteronism in comparison with those with essential hypertension. Munakata et al. (26) reported that vascular sympathetic and cardiac parasympathetic regulatory systems play a minor role in the maintenance of hypertension in subjects with primary aldosteronism. These reports suggest that sympathetic activity is not increased in primary aldosteronism. In general, dietary sodium restriction reduces plasma volume and increases circulating catecholamines and sympathetic activity in normotensive subjects (27) . In our study of primary aldosteronism, however, short-term dietary sodium restriction may have corrected rather than decreased circulating blood volume as indicated by the lack of change in HR, TPRI and BRS and probably has no major effect on sympathetic activity. Thus the blunted nocturnal BP reduction in primary aldosteronism seems to have more relevance to increased circulating blood volume than sympathetic activity, although sympathetic activity was not directly measured in this study.
The gain and diurnal variation of BRS were not affected by sodium restriction in our study. Previous studies have shown that the gain of BRS in primary aldosteronism was greater than that in essential hypertension, and comparable to the level in normotensive subjects (28) . On the other hand, BRS decreases during short-term sodium restriction in essential hypertension due to sympathetic activation (29) . The lack of change in BRS with sodium restriction in our study may also suggest that sodium restriction does not modulate sympathetic activity in primary aldosteronism. BRS appears not to be a major determinant of nocturnal BP reduction in hyperaldosteronism.
This study has some limitations. First, because it is difficult to obtain accurate and continuous data for volume status by conventional methods, we did not directly measure circulating blood volume, but rather used body weight as an indicator of fluid volume. Urinary sodium excretion and body weight significantly decreased in patients on a low salt diet compared with those in patients on a normal salt diet, whereas the similar degree of urinary potassium excretion indicated an otherwise similar dietary intake. We therefore consider that the nutritional state had only minor effects on body weight change during the study period. Second, we did not make any estimation of the reproducibility of BP values. We do believe that hospitalization would have minimized any variations, as suggested by the similar HR on two different sodium intakes. We measured the arterial pressure continuously, and averaged every 30 min, and this method would improve the reliability of BP measurements in comparison with intermittent BP measurements.
In conclusion, the non-dipper pattern is common in patients with primary aldosteronism on a normal salt intake. Under such conditions, volume expansion seems to play a major role in the impairment of nocturnal BP reduction. Further studies will be needed to elucidate the relationship between circulating blood volume and the diurnal BP variation.
